Knowledge of the intrinsic properties of hydroxyapatite (HAp) single crystals is important for the design of natural systems and will assist further improvements of manufactured biomaterials. Nanoindentation provides a useful tool for determining mechanical properties such as the hardness, elastic modulus and fracture toughness of small samples. A Berkovich indenter was placed on the side and basal planes of a natural single crystal of Durango HAp. The hardness and elastic modulus values obtained revealed higher values for the base (7.1 and 150.4 GPa) compared to the side (6.4 and 143.6 GPa). The cracking threshold, i.e., the load at which cracking initiates, revealed earlier crack formation on the base (at 8 mN) compared to the side (at 11 mN). Fracture toughness was measured as 0.45 ± 0.09 and 0.35 ± 0.06 MPa m 1/2 for the side and basal plane, respectively. These results suggest that crystals are less prone to cracking and resist microcrack events better on the side, which is useful in bone, while exposing the base, the hardest face, to minimize mass loss from abrasion with teeth.
Introduction
Details about the bond strength and elasticity within crystals can be best obtained from single crystals, which can provide important information on the hardness, strength and elastic modulus. Since apatite is more commonly found as nanocrystals, special techniques need to be employed to produce a single crystal of apatite. An alternative is to source naturally occurring single crystals of apatite.
Apatite used in biomedical applications is always available as micron-or nanometre-sized crystals of hydroxyapatite (HAp). Various techniques have been employed to prepare the nano-sized HAp, including precipitation, hydrothermal [1] [2] [3] , sol-gel [4] , crystal conversion [5] and microwave techniques [6] . Recently, new techniques have evolved to prepare micro-sized HAp [7, 8] . The crystal size, shape, chemical composition, defect concentration and assemblage all depend on the manufacturing technology. As a result, it is difficult to distinguish the contributions of the microstructure, chemistry, morphology, charge and residual stress to properties such as hardness. Studies on single crystals should be able to determine the base properties, and serve as an important reference for other studies that intend to improve on these properties of apatites.
Natural apatite in bone has elongated crystals incorporated into collagen. Bone cements, used as bone fillers, also have long crystals. Recent advances in thermal spraying have revealed the ability to create oriented single crystals [9] . The properties of these materials depend on the orientation of the crystals. Testing on such fine crystals is challenging; an easier approach would be to conduct testing on large single crystals. This would not only provide values for mechanical properties of the side (parallel to the c-axis), but also provide enough material for testing of the base (parallel to the a-axis). Such information could form the basis for understanding the effect of crystal orientation in the different HAp products used in the medical industry.
Large-sized single crystals of HAp are required for mechanical property testing. These can be found in millimeter sizes in nature at Cerro de Mercado, close to Durango in Mexico. No experimental study on the micromechanical properties of a natural HAp single crystal has been reported. The goal of this work was therefore to employ nanoindentation techniques to probe such mechanical properties as hardness, elastic modulus and fracture toughness. Nanoindentation would be performed on the side and the basal plane of the sample to confirm the effect of orientation on its mechanical properties. To this end, a natural single crystal of HAp from Durango was selected. It is believed that this is the first comprehensive study of single crystal HAp.
Experimental procedure
The single crystal was embedded in epoxy resin to provide support for cutting the cross-section and metallographically polishing it to produce the reasonably flat surface required for nanoindentation testing. Both a cross-section and longitudinal section were produced to assess the mechanical properties relative to the crystal faces. Fine grinding was conducted with silicon carbide abrasive paper of 2400 grit and polishing involved a 1 lm diamond suspension on a Dur surface (Struers, Denmark) for 5 min.
Micro-Raman spectroscopy was used to confirm the purity of the sample (Fig. 1 ). Analyses were conducted with an excitation wavelength of 514 nm at a spectrum resolution of 1 cm À1 . Spectra were recorded within the range 500-1500 cm À1 . A very narrow peak was found at 960 cm
À1
for the side and basal plane, confirming that the only calcium phosphate present was HAp [10] . The residual impression from nanoindentation was observed using an XL30 Philips scanning electron microscope (SEM). The samples were coated with gold using an Edwards S150B sputter coater for examination with the SEM at 20 keV. The SEM images were also used for measuring the length of microcracks to calculate the fracture toughness. A Berkovich three-sided pyramidal indenter was used throughout this study. The area function for the diamond was calibrated by indentation in fused silica (FS) to determine the contact area for a given depth. The contact area as a function of depth was found to be Aðh c Þ ¼ 22h 2 c þ 2500h c by the polynomial-fitting procedure. The measured depth was then adjusted for the effect of instrument compliance (0.499 nm mN À1 ) in the instrument software for analysis (NanoTest, MML, Wrexham, UK). The hardness and reduced elastic modulus of FS, assuming a Poisson's ratio of 0.165, were measured to be 8.8 ± 0.1 and 69.6 ± 0.2 GPa, respectively. After calibration, the instrument was set up for two series of 10 indentations in both the side and the basal plane of the sample: one using low loads, ranging from 1 to 20 mN, and the other using high loads, ranging from 20 to 200 mN. The hardness and elastic modulus were measured using the standard method proposed by Oliver and Pharr [11] . The separation distance between the indents was selected based on the size of the residual impression (Berkovich shape). The spacing between adjacent indentations was about 15 times the maximum width of the indentations at low load and more than four times bigger than those at high load to ensure that the deformed region surrounding one indentation did not interfere with the formation of the next indentation. Since the maximum depth at the highest load (200 mN) was about 1.3 lm, indentations were spaced approximately 40 lm apart in a given row and the rows (low load and high load) were spaced at 100 lm. Indentations started approximately at the centre of the sample to avoid any testing near the edges. The loading/unloading rate was set to 10% of minimum load. The dwell periods at maximum load and for drift correction were 5 and 30 s, respectively. All experiments were performed at room temperature.
Fracture toughness is another mechanical property that can be measured using nanoindentation techniques. For the calculation of the fracture toughness, the relationship between the fracture toughness and the length of the radial cracks using pyramidal sharp indenters was considered using the following equation [12] 
where K IC is the mode I critical stress intensity factor, W is a material-independent constant that must be calibrated by indentation of well-characterized materials, H is the hardness, E is the elastic modulus, P is the peak load and c is the radius of the surface crack. The empirical constant was found to be 0.016 for Berkovich-type indenters [13] . 
Results and discussion
Loading-unloading curves of 10 indentations made on the base of the HAp single crystal are depicted in Fig. 2 , where the load varied from 20 to 200 mN. This clearly reveals that the sample is homogeneous. Shown in Fig. 3 is the hardness and reduced elastic modulus of both the side and the basal plane of the single crystal HAp as a function of load. Plots illustrate that applying a 30 mN load or greater allows determination of the true hardness (a hardness that remains unchanged from the size of the indentation [14] ). The indentation size effect was observed at low load, where hardness decreases with increasing load up to 30 mN. Hardness and reduced elastic modulus as functions of indentation depth are depicted in Fig. 4 . It can be inferred that true hardness and reduced elastic modulus could be determined with a penetration depth of more than 500 nm (Fig. 4) . The indentation size effect was also noticed at penetration depths shallower than 500 nm.
The measured moduli are expected to be constant with indentation depth (or load); however, results reveal an approximately 5% overestimation with loads less than 30 mN or depths shallower than 500 nm. The discrepancy between the expected and obtained results could be due to the pile-up phenomenon. Oliver and Pharr's proposed method is best applied when no pile-up but some sink-in occurs when the sample is indented. In the case of pileup, contact depth is always more than the total depth of indentation, thus the projected area is always underestimated. This underestimated area could overestimate both hardness and reduced elastic modulus, with a more significant effect on hardness. The reduced elastic modulus and hardness are calculated with the following expressions:
Recent nanoindentation studies on single crystals of different materials (i.e., metals, semiconductors, ceramics and oxides) show pop-in phenomena (plateau behaviour in loading) from applying low loads [15] [16] [17] . Interestingly, other nanoindentation studies on single crystals that have a hexagonal close-packed (hcp) lattice structure (i.e., sapphire, GaN and ZnO) show multiple load plateau behaviour [18] [19] [20] . HAp has a hexagonal lattice structure and therefore multiple load plateau behaviour is expected. Load plateau behaviour could be a result of a microcrack [21] , a pore underneath the indenter [22] or the pile-up phenomenon. In the case of single crystals, existence of pores has not been reported. Therefore, surface topography tools, such as atomic force microscopy and SEM at high magnification, are needed to reveal the existence of pileup and/or microcracks. Fig. 5A shows a loading-unloading curve obtained from nanoindentation on the side of the sample under a 7.5 mN load. Discontinuities on the loading curve are observed as expected, since HAp has an hcp crystal structure. In addition, an SEM image of the residual indentation at very high magnification (120,000Â) reveals no crack, but deformation at the edges of the impression (Fig. 5B) . Clearly, pile-up only occurs during loading. However, multiple pop-in events are visible in Fig. 5C when the applied load is increased to about 11 mN. A SEM image of its corresponding loading-unloading curve reveals both microcracks and deformation at the edges (Fig. 5D) . It was therefore concluded that the cracking threshold for single crystal HAp is about 11 mN on the side face using a Berkovich indenter. It is noted that, with a Vickers indenter, cracking thresholds in most ceramic materials are about 250 mN or more [23] . Significantly lower thresholds can be achieved using the cube-corner indenter [24] , but no report on the cracking threshold of ceramic materials using Berkovich (the most commonly used) indenter are known.
It is interesting to compare the cracking threshold of the side with that of the base. Fig. 6A and B show the loadingunloading curve and its corresponding SEM image of the indentation for the base of the single crystal HAp. Pop-in events are observed with a 5 mN load (Fig. 6A) . Fig. 6B reveals no microcrack but a few occurrences of pile-up. In Fig. 6C , multiple pop-in events are evident under a maximum load of 8 mN, while its corresponding SEM image reveals both pile-up and three microcracks (Fig. 6D) . As a result, the cracking threshold of the single crystal HAp on its basal plane is approximately 8 mN. Therefore, cracks propagate sooner on the base of the HAp single crystal than on its side, indicating that the base is more brittle.
Overloading the pyramidal Berkovich indenter in this study causes crack propagation around the indent. Observation and length measurement of such cracks allow the fracture toughness to be determined. In this study, the average crack lengths were taken since the crack lengths were found to be anisotropic (Fig. 7A) . The fracture toughness values (average of 12 measurements) obtained for the side and basal planes were 0.45 ± 0.09 and 0.35 ± 0.06 MPa m 1/2 , respectively. The side is tougher than the base but has lower hardness and elastic modulus values, (Table 1) . Fig. 7 are residual indentation SEM images of the HAp single crystal with cracked corners from application of an 80 mN load on the side and basal plane. Fig. 7A shows a crack length of 7.73 lm on the side, while a larger crack length of 8.09 lm is observed on the base, confirming the lower fracture toughness of the base. Anisotropy found in crack lengths could be due to anisotropy in the surface energy, as the base of the HAp crystal has a higher surface energy than the side [25] . Moreover, a polycrystalline sample shows a higher fracture toughness than a single crystal due to grain boundaries, which reduce the crack growth. The fracture toughness for polycrystalline HAp was reported to be between 0.6 and 1.5 MPa m 1/2 [26] . The results obtained in this study are in good agreement with the values of fracture toughness for the single crystal HAp reported by Viswanath et al. [27] . They reported the mechanical properties of manufactured single crystal HAp below pop-in events and found fracture toughness values of 0.48 and 0.28 MPa m 1/2 for the side and basal plane, respectively.
Shown in
These results outline the anisotropic mechanical properties of single crystal HAp. Since about 70% of bone is made up of the inorganic mineral HAp, anisotropy in the mechanical properties of bone is expected. This behaviour has been observed in fibrolamellar bone [28] , single osteon lamellae in bone tissue [29] , human lumbar vertebral cortical and trabecular bone [30] , and human tibial cortical bone [31] . Most studies on bone show that differences in mechanical properties may be due to collagen fibre orientation [32] . This study reveals the contribution of HAp orientation to mechanical properties.
The assembly of HAp crystals will influence the properties of bone. The arrangement of the crystals aligned at an angle to the long bone in the femur will provide 5% greater stiffness. This is not a large difference, but it does contribute to the anisotropy. Crystal geometry is also an important factor. The small surface area of the rod end lowers the potential for crack formation along the c-axis and positions the crystals where they may be more effective in bending. More energy will be required to form a crack in the side of a rod. The greater resistance to crack formation on the side of the crystal will influence the microcrack path that is formed in bone.
Teeth contain the highest concentration of apatite crystals within the body, and have the side of the crystal towards the outer surface of the tooth. This presents the crystal side for easier remodeling, an event that is continually taking place in the aqueous environment of the oral cavity. The higher hardness of the crystal side indicates that nature has optimized the crystal orientation to minimize abrasion. The abrasion from opposing teeth and third body wear from mineral inclusions in foods will thus be minimized [33] . The additive effect of strengthening from fluoride [34] and from crystal orientation shows the benefits of separate microstructural elements in optimizing materials for their function.
Similarly, the crystal shape, size and arrangement will be important for HAp materials used in biomedical applications. The properties of the single crystal will provide important reference information for the assessment of presently used HAp materials and support for further improvements. Further work will determine the mechanical properties of HAp used in biomedical implants.
Conclusions
Thresholds for crack-initiation on the side and basal planes of single crystal HAp using a Berkovich indenter were determined to be 11 and 8 mN, respectively. The results of these experiments indicated higher hardness and elastic modulus values for the base (by about 11% and 5%, respectively) than for the side. Unlike the hardness and elastic modulus, fracture toughness was found to be higher (approximately 25%) for the side, as longer crack lengths were observed on the base compared to the side under the same applied load. 
